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Abstract 
Prior clinical studies have investigated the mechanics of spinal rotation, distribution 
of impact stress along the foot, and their specific contributions to injuries while a person is 
walking or running.  The current study tests a hypothesis made by Dr. Josef DellaGrotte and 
his strong influence of the Feldenkrais Principles. It is suggested that a person with a flexible 
and long range of rotation of the spine during the walking or running gait cycle will have 
reduced impact stresses on the feet. This project designed and constructed two devices: one 
which dynamically measured the distribution of impact stresses along the foot and one 
which measured the degree of spinal rotation. These devices were attached to test subjects 
who then went through a regimen of varied speeds on a treadmill. Data was collected 
simultaneously through a data acquisition program and then analyzed.  It was concluded that 
when test subjects were forced to exaggerate their upper torso movement (both spinal 
rotation and arm movement) during the human gait cycle, force distribution was barely 
affected and no statistically significant conclusions could be drawn.  
 
  
1  Introduction 
 Studying human gait allows us to understand how people move in complex ways.  In 
running, we can look at the dynamics of form and determine the most efficient ways to 
improve it. This can help us explain bone or muscle injury from impact forces as well as 
internal physiological effects.  
 Our project goal is to investigate the relationship between the bodies’ spinal rotation 
and the impact force distribution along the foot while walking by using gait analysis 
methods. To determine these relationships, we designed and constructed two measuring 
devices: a sensing device to measure spinal rotation and a sensing device to measure impact 
forces.  An experiment with male runners in good physical shape was conducted in which 
they walked on a treadmill with the devices attached and connected to a DAQ assistant.  
These devices simultaneously measured impact forces and the degree of spinal rotation and 
correlations were found between different walking styles. The information will be useful to 
running groups, sports teams, athletic trainers and physical therapists. 
  
2  Background 
2.1 History of Gait analysis 
The study and analysis of gait has been preformed for many years. The first records 
of analyzed animal movement are from Aristotle in his book “De motu animalium”. He 
focused on the geometric movement of gait and designed models of the mechanics 
associated in the joints of these animals’ extremities. Observation was the only measuring 
device available to him at the time, but despite this he was able to get very accurate 
measurements. Even more incredible was the fact that he was able to describe the action and 
movement of the muscles in these joints.  (Mecved, 2001) 
 Leonardo da Vinci was the next prominent figure to explain human movement and 
anatomy. He created accurate and proportional drawings of the human figure, which showed 
he had a good understanding of the skeletal and muscle systems bellow the skin. Many other 
anatomists followed suite in human movement analysis, including Galileo Galiliei who laid 
the foundations of movement analysis using general mechanics. Galilei’s student, Alfonso 
Borelli is known as the father of biomechanics because of his extensive study of Galilei’s 
work. He took this work further, however, and viewed the human body as a moving 
machine. To do this he combined biodynamic and bio-kinetic principles together into one 
system. Borelli was the first to determine the center of the mass of the human body, which 
turns out to be an important factor when analyzing gait and human motions. (Medved, 2001) 
When photography was first invented by Louis Daguerre, there was a huge 
movement towards biomechanical studies. It allowed for pictures to be taken of the exact 
movements associated with gait, which could then be analyzed for a greater understanding. 
One example of this is the famous “Horse in Motion” photograph taken by Eadweard 
Muybridge. This was a series of photographs that were taken, which showed the movements 
of a galloping horse with great success. This meant that by taking photographs in certain 
time intervals, that the motions of gait could be recorded, and things never seen before with 
observation could easily be seen.  After the success with the “Horse in Motion” photograph, 
Muybridge along with others developed many other photographic techniques which helped 
to further advance the study of human gait analysis. (Medved, 2001) 
In 1895, Two Germans, anatomist Wilhelm Braune and Otto Fischer took a large 
step in human gait analysis presenting a new way to representing the body. They assumed 
the body to be a rigid series of links. Photography was applied to this technique, which 
allowed them to accurately describe the motions of the body and reconstruction an accurate 
three dimensional model of the body linkages. This work was eventually published, and 
because of it they are considered to be the founders of quantitative research of human gait in 
a three dimensional space. (Medved, 2001) 
Analysis of gait was furthered in 1916 with the introduction of the force platform. 
This allowed for measurement of the impact forces of the foot when it strikes the ground. 
Using it in conjunction with other instruments human movements could be studied more 
objectively. An example of a study that did so was in 1938, where Elftman used a plate 
suspended on four coil springs in addition to an optical recording device. This study 
provided information on the ground reaction force and trajectory of the center of this force. 
(Medved, 2001) 
Further development in force measurement occurred with the developments of 
embedded transducers in footwear in the early 1970s. Spolek and Lippert used strain gauges 
on spring elements on the forefoot and heel to provide vertical and horizontal component 
forces. However these devices were clumsy and large providing inaccurate results. Pedotti et 
al described a technique for insoles to be equipped with piezoelectric sensors. The authors of 
this method claimed it as the most relevant and accurate method of measuring and 
representing force distribution throughout the foot. Also in the early 1970’s, with the 
introduction to computers, measurement techniques were revolutionized because computers 
allowed for better data acquisition techniques. Due to this increase in technology, 
development into new transducer devices also became possible, which would allow for more 
new ways to track human gait. (Medved, 2001) 
2.2 Correct Running Form and Spinal Rotation 
Correct upper body running form is a highly debatable subject. A runner at the same 
fitness level as another might have completely different upper body motions.  The 
distribution of impact forces might be different between two runners because of their upper 
body movement. Upper body mechanics are essential for a runner to compensate for the 
imbalance of the leg motions. Some runners pump their arms fully with less spinal rotation, 
while some hardly use their arms and let the twisting of the torso compensate for the 
balance.    
According to Josef DellaGrotte, spinal rotation affects load, which depends on the 
'vector' of force, the direction that spinal rotation takes.  This implies that a certain torso 
rotation cycle might induce extremely distributed impact force vectors transferred through 
joints and bone segments down to the lower body in both magnitude and distribution. 
(DellaGrotte, 2008) 
Spinal rotation, though being a very common motion of the body, is generally poorly 
understood.  Spinal rotation has been argued to be an essential feature for an efficient 
bipedal gait. Also, it provides leverage to the upper torso in delivering a forceful impact. 
According to Erg, an artificial restriction/elimination of spinal rotation resulted in 
significantly shorter stride length, slower walking velocity, and higher energy consumption in 
walking. Spinal rotation also decreases the amount of force the spinal muscles can generate 
(to 25% of spinal extension).  This means that smaller rotations will cause smaller 
contractions and these contractions matter in injury prevention due to less stress. However, 
its extensive employment in industrial activities has been associated with 60.4% of back 
injuries. (Erg, 2008) 
2.3 The Gait Cycle 
 During walking and running the bodies’ limbs go through a repetitious motion. This 
motion is called the gait cycle. It involves a delicate act of coordination between these limbs 
to keep the whole body in balance and prevent falling. Though there is a series of motions 
and actions preformed by the limbs of the body, they are all just affecting the “reciprocal 
floor contact [of] the two feet” (1992, Perry). This reciprocal floor contact is just a pattern 
that occurs, where “one limb serves as a mobile source of support while the other limb 
advances itself to a new support site” (1992, Perry). It is this pattern that makes up the gait 
cycle. 
 The gait cycle is broken up into two different periods. The first period is the stance, 
which applies to the period of time when the foot is on the ground, and the second period is 
the swing, which applies to the period of time when the foot is off the ground (1992, Perry). 
These two periods, are the basics that make up the three intervals of “foot floor contact by 
the feet” (1992, Perry). The first interval is the same at both the beginning and end of the 
cycle, and is called the “initial [or final] double limb stance” (1992, Perry). During this stance 
both feet are in contact with the ground. The second interval occurs at both the second and 
fourth parts of the gait cycle. This interval is called the “single limb support” (1992, Perry). 
During this interval only one foot is in the stance period, while the other is in the swing 
period. The final interval occurs during the middle of the gait cycle and is called the 
“terminal double stance” (1992, Perry) interval. This interval “begins with floor contact by 
the [originally swinging limb], and continues until the original stance limb is lifted for swing” 
(1992, Perry). This interval is basically where a switch occurs between the swing limb and the 
stance limb. 
 These intervals can then be broken down further into different phases, ones that are 
composed of stance, and ones that are composed of swing. It is during these stance periods 
that the body is supported by the foot. For analyzing the distribution of forces on the foot, 
these stance periods of the phases will be the only ones applying forces to the feet. The first 
of these phases is the initial contact phase, which is the moment at which the foot just 
touches the floor (1992, Perry). The second phase is the loading response, which is the initial 
double stance interval of the gait cycle (1992, Perry). It is during this phase that the foot 
support is concentrated at the heel (1992, Perry). The third phase is the mid stance, which is 
the first half of the single limb support interval (1992, Perry). It is during this phase that the 
foot support is a flat foot support, which comes from both the heel and the fore foot (1992, 
Perry). The fourth phase is the terminal stance, which completes the single limb support 
interval (1992, Perry). It is during this phase the support at the foot comes from the fore 
foot and the toes (1992, Perry). The fifth phase, and the final one with foot contact to the 
ground, is the pre-swing phase. This phase is the terminal double stance interval, and is when 
the stance foot switches with the swing foot. It is during this phase that the foot is leaving 
the ground, and a final pushing force is supported by the big toe and inside third of the fore 
foot. 
 The final phases are concerned with the foot off the ground, and thus no supporting 
of the body is being performed by that foot. These phases are from the swing period. The 
sixth phase is the initial swing which is when the foot first lifts from the ground, and swings 
until it is opposite the other limb. The seventh phase is the mid swing which is the second 
phase of the swinging period (1992, Perry). This swing begins with a swinging limb, and ends 
when the limb is forward and the tibia is vertical (1992, Perry). The final phase of the gait 
cycle is the terminal swing, which begins with the limb still in the air and the tibia vertical, 
but it ends when the foot strikes the floor (1992, Perry). 
2.4 Instrumentation and Devices 
Proper instrumentation and use of proper devices has always been an important 
factor when conducting any experiment. For measurement of spinal rotation and the effect it 
has on the impact and distribution of the forces on the foot, it is also important to use the 
proper instrument and device. 
2.4.1 Potentiometers 
 Potentiometers are one of the many ways range of motion (ROM) is measured. 
Though the technology and implementation of these devices has evolved the basics of how 
the devices work remains the same. A potentiometer is made up of two basic parts: a 
“resistive element” and a “sliding contact (wiper)” (2002, Elliot). When the wiper slides 
across the resistive element, the resistance changes, thus allowing for a different output 
voltage from the potentiometer due to different input rotations. Potentiometers come in 
different varieties, such as generic and basic models to precise, highly accurate models. There 
are also rotational potentiometers that move the sliding contact the full length of the 
resistive element with different shaft rotations, such as ¼ turn, full turn, and multi turn 
potentiometers. Although there are different varieties, the basics of how they operate remain 
the same. 
 The simplest is a rotational potentiometer. When the shaft is twisted, it moves the 
sliding contact along the resistive element. Another similar type of potentiometer is the 
linear potentiometer. Instead of a rotating shaft, there is a shaft that moves in a linear 
direction. When the shaft is moved linearly, it moves the wiper along the resistive element. A 
more complex type of potentiometer is the string potentiometer. A string potentiometer 
consists of four parts, a “measuring cable, spool, string, and a rotational sensor” (2008, 
Celesco). The rotational sensor is a precision, multi turn rotational potentiometer, which has 
its shaft attached to the spool. The spool is spring loaded so it returns to its original position 
after the string is pulled. Additionally the spool is machined in a way that allows for the 
string to be kept at the same diameter, thus allowing for the same rate of rotation of the 
rotational sensors shaft, despite how much string is pulled. 
 These potentiometers are such simple devices that they can be easily integrated into 
many different devices. They are especially useful in applications that need to measure 
rotation, and it is because of this that potentiometers are one of the many devices used to 
measure range of motion. One such device is “CA600 Spine Motion Analyzer” (1999, 
Mannion). The CA600 Spine Motion Analyzer is a non-invasive method of measuring 
movements of the spine. It is composed of a linkage system with six high precision 
potentiometers that allow for unrestrained measurement of three dimensional movements 
(1999, Mannion). Included in these movements is the measurement of spinal rotation. When 
the subject moves their spine, the linkage translates the movement into a rotation of the 
potentiometers shaft. This rotation is a measurement of the “angle between each sensor, and 
the source” (1999, Mannion), which is at the bottom of the spine, where the rotation starts. 
This rotation changes the resistance of the potentiometer, and thus allows for a change in 
voltage to be measured. Since the CA600 Spine Motion Analyzer has the ability to measure 
movements of the spine, it is a device commonly used in different studies. One such study 
was a comparison of “lumbar range of motion” using two different “dynamic motion 
analyzers.” (1999, Mannion) 
 The study went through measurements of the range of extension, the range of lateral 
flexion, and the range of axial rotation of their subjects during different pre-determined 
movements. This study performed these tests on several different test subjects, where an 
important factor in the measurements was to achieve repeatability between the devices. The 
devices used were the CA600 Spine Motion analyzer, which employs a “potentiometric 
principles” in its measurements, while the other device used, the Polhemus Fast Tack 
System, employs “electromagnetic principles” (1999, Mannion) in its measurements. The 
study determined that there was “no significant difference in the range of motion recorded 
in any of the movement planes” (1999, Mannion) between the two devices. When the data 
gathered by the two devices was compared, however, they did not always “yield comparable 
measurements” (1999, Mannion). This can be understood, since each measurement device 
employs different methods to record the motion. Despite this setback, both devices were 
able to deliver repeatable measurements. 
2.4.2 Accelerometers 
 Accelerometers are a more complex technology that has been implemented in testing 
devices. These devices are not as basic as potentiometers, and they also do not measure the 
same thing. Accelerometers are devices used to measure acceleration and gravity induced 
reaction forces that it experiences (2008, Dimension Engineering). The basics of an 
accelerometer include two different structures, a “cantilever beam and a proof mass” (2008, 
Dimension Engineering). At rest, the cantilever beam with the proof mass is in a neutral or 
rest position (2008, Dimension Engineering). When it is under influence of gravity or 
acceleration the proof mass deflects the cantilever beam from its neutral or rest position 
(2008, Dimension Engineering). This deflection is then measured and output from the 
accelerometer as a voltage. Modern accelerometers are built around this principle and are 
built into “micro electro-mechanical system (MEMS) devices” (2008, Dimension 
Engineering). These accelerometers are tiny, and can easily be implemented in testing 
devices. 
 Accelerometers are often used to measure the acceleration of what it is they are 
attached too; however, they can also be used to calculate velocity as well as displacement, 
with some derivation. With the ability to measure displacement, accelerometers can be used 
to measure spinal rotation. All that is needed to do achieve this measurement is the output 
of the accelerometer at the spines neutral or resting position, as well as a measurement of the 
output of the accelerometer with a rotational input of the spine. A measurement of spinal 
rotation can be calculated by knowing these two positions. Accelerometers are useful for 
measuring acceleration, velocity, and displacement, but there are some issues with them. 
 Using accelerometers for modern day gait analysis has become common. They are a 
cheap alternative to other more expensive gait and motion analysis devices that are 
commercially available. Accelerometers also allow more flexibility in testing. They allow 
testing to not be restricted to a “laboratory environment” (2007, Kavangh) because of how 
small they are and how little instrumentation is needed to run them. They also allow for the 
test itself to be more accurate in the measurements of motion, because the test subjects are 
almost unrestricted in their movements because of the small size of the accelerometers 
(2007, Kavangh). It is because of these positive factors that they have become so widely 
used, although many issues remain. 
 One of the known issues with accelerometers is that there is a drift associated with 
them. Though this drift may be small with higher end potentiometers, the low frequency and 
low amplitude oscillations associated with gait movements and spinal rotation can be 
plagued with errors due to this drift (2007, Kavangh). The signal output from the 
accelerometer would have an additional signal added to it from this drift, resulting in 
different output signal for the same motions. This signal would be composed of the “inertial 
component of interest (linear acceleration), a static component (gravity), and noise which 
may be either biological (crosstalk from physiological systems) or environmental (electronic, 
motion artifact, etc)” (2007, Kavangh). Similarly all of the movements associated in gate are 
low frequencies, and these movements may have either the same or very close frequencies. 
This would make it hard to distinguish the exact signal for the motion being analyzed (2007, 
Kavangh). A common method used to extracting the right signal from all of these noise 
components is filtering. Filtering can remove unwanted noise and clean up the signal output 
from the accelerometer. It can also have adverse effects, however, because filtering can have 
the “unwanted effect of removing components of the real signal” (2007, Kavangh). 
2.4.3 Laser Measurement of Displacement 
 Accelerometers are a more complex technology that has been implemented in testing 
devices. These devices are not as basic as potentiometers, and they also do not measure the 
same thing. Accelerometers are devices used to measure acceleration and gravity induced 
reaction forces that it experiences (2008, Dimension Engineering). The basics of an 
accelerometer include two different structures, a “cantilever beam and a proof mass” (2008, 
Dimension Engineering). At rest, the cantilever beam with the proof mass is in a neutral or 
rest position (2008, Dimension Engineering). When it is under influence of gravity or 
acceleration the proof mass deflects the cantilever beam from its neutral or rest position 
(2008, Dimension Engineering). This deflection is then measured and output from the 
accelerometer as a voltage. Modern accelerometers are built around this principle and are 
built into “micro electro-mechanical system (MEMS) devices” (2008, Dimension 
Engineering). These accelerometers are tiny, and can easily be implemented in testing 
devices. 
 Accelerometers are often used to measure the acceleration of what it is they are 
attached too; however, they can also be used to calculate velocity as well as displacement, 
with some derivation. With the ability to measure displacement, accelerometers can be used 
to measure spinal rotation. All that is needed to do achieve this measurement is the output 
of the accelerometer at the spines neutral or resting position, as well as a measurement of the 
output of the accelerometer with a rotational input of the spine. A measurement of spinal 
rotation can be calculated by knowing these two positions. Accelerometers are useful for 
measuring acceleration, velocity, and displacement, but there are some issues with them. 
 Using accelerometers for modern day gait analysis has become common. They are a 
cheap alternative to other more expensive gait and motion analysis devices that are 
commercially available. Accelerometers also allow more flexibility in testing. They allow 
testing to not be restricted to a “laboratory environment” (2007, Kavangh) because of how 
small they are and how little instrumentation is needed to run them. They also allow for the 
test itself to be more accurate in the measurements of motion, because the test subjects are 
almost unrestricted in their movements because of the small size of the accelerometers 
(2007, Kavangh). It is because of these positive factors that they have become so widely 
used, although many issues remain. 
 One of the known issues with accelerometers is that there is a drift associated with 
them. Though this drift may be small with higher end potentiometers, the low frequency and 
low amplitude oscillations associated with gait movements and spinal rotation can be 
plagued with errors due to this drift (2007, Kavangh). The signal output from the 
accelerometer would have an additional signal added to it from this drift, resulting in 
different output signal for the same motions. This signal would be composed of the “inertial 
component of interest (linear acceleration), a static component (gravity), and noise which 
may be either biological (crosstalk from physiological systems) or environmental (electronic, 
motion artifact, etc)” (2007, Kavangh). Similarly all of the movements associated in gate are 
low frequencies, and these movements may have either the same or very close frequencies. 
This would make it hard to distinguish the exact signal for the motion being analyzed (2007, 
Kavangh). A common method used to extracting the right signal from all of these noise 
components is filtering. Filtering can remove unwanted noise and clean up the signal output 
from the accelerometer. It can also have adverse effects, however, because filtering can have 
the “unwanted effect of removing components of the real signal” (2007, Kavangh). 
2.4.4 Electric Goniometer 
 An electric goniometer measures angular displacement by using a resistor sensitive to 
bending.  One product by Norazon, uses a flexible two dimensional axis sensor which is 
capable in measuring flexion/extension and lateral flexion (spinal) directions.  It has versatile 
uses in that a flexible spring connection between two goniometer blocks compensates for 
any joint migration and surface prolongation, which is helpful in spine motion. An amplifier 
is built directly into the cable, allowing direct connection to their Noraxon DAQ systems 
and software packages. The sensor has a predefined measurement setup configuration in all 
the Noraxon software making it easy to read simple measurements.  The sensor and wiring 
can be easily attached by Velcro straps or adhesive tape. (Noraxon U.S.A. Inc, 2007) 
Most commercial goniometers are similarly produced as the one by Noraxon.   . 
These commercialized electric goniometers are very expensive. Further, the DAQ unit and 
software are impractical in our case since they do not allow us to make customized data 
input.  Looking at the manufacturing specifications, there might have been a way to calibrate 
it to our own Labview program, but might have been too difficult. 
 
Figure 2.1: An Electric Goniometer 
2.4.5 Video analysis 
Video analysis is another possible method of measuring spinal rotation.  General 
video analysis of the sideways movement of the human gait is usually done by software 
which can track and plot limb motion (in some cases in real-time). However, tracking spinal 
rotation, especially through a small area with an assumed small differential angle (most video 
tracking looks at major joint motions) might prove to be inaccurate. Also, tracking software 
is very expensive, as well as proper video equipment.  There are many different approaches 
to tracking the human gait in this way, as shown in the figures below: 
 
Figure 2.2: MIC Motion Imaging and Analysis (Equine Gait Trax Software) 
 
Figure 2.3: Optoelectronics, using LEDs to Track Nodes 
2.4.6 Computational Biomechanics 
Another form or measurement would be to use a biomechanical modeling technique. 
The purpose of modeling the human body would be to isolate certain regions of importance 
while approximating other unnecessary components.  To approximate the components of 
the body, it can be split up into rigid sections jointed together to form a body. (Medved, 
2001)  More specifically, the spine, which is a very complex model, can be simplified using 
geometric and numerical analysis.  Numerical analysis is a useful tool in engineering and can 
be analyzed using a finite element analysis software package. A three dimensional structural 
modeling of the entire spine was completed in a study of the effect of asymmetrical growth 
of scoliosis deformations of the spinal column. Although they focused on scoliosis effects, 
they successfully created a three dimensional model analysis of the spine. The material 
properties of the bone and cartilage throughout the spine were calculated from clinical 
studies. (Hayashi, 1996) This method could provide possible successful stress measurement 
in the spine during rotation while walking, considering only a small rotation differential and 
two spinal links.  Creating such a model could help us determine the underlying forces inside 
the spinal cartages, surfacing the reasoning behind rotational spinal injuries. Also, we could 
investigate further the lateral stresses and critical rotation of two spine segments.   
2.4.7 Force Detection - Shoe Sensors vs. Force Plates 
 Measuring the reaction forces of the foot on the ground during normal gait has been 
important in gait analysis. By understanding and determining the loads at the foot, other 
forces and torques at other places in the body, have been able to be analyzed. For many 
years, force plates have been “the gold standard methods for determining these gait events” 
(2008, Catalfamo). With advances in technology, however, and the introduction of small 
lightweight piezoelectric pressure sensors, force plates are no longer the only option. 
 A force plate is a “platform set on or into the floor that is instrumented to measure 
the forces imposed on it” (1992, Perry). These force plates are “recognized for their 
accuracy” (2008, Catalfamo) and this explains why they are still used today, but they do have 
downsides. Due to their relative size, large enough to allow one foot placement during gait, 
and the need to be mounted above ground very securely, forces plates are “usually restricted 
to gait laboratory environments” (2008, Catalfamo). Also the number of force plates 
available in a laboratory environment is limited, which “limits the number of steps per trial 
that can be recorded” (2008, Catalfamo). Additionally, it is often difficult to get unbiased gait 
from the test subject, since they are trying to hit the force plates with their feet. This can 
affect their stride, and cause the test subject to either over extend or under step to hit the 
force plate. This will in turn affect the way the subjects’ foot will make contact with the force 
plate, and thus give inaccurate measurements. With new sensing methods, however, these 
issues can be avoided. 
 A piezoelectric sensor is an electrical sensor whose output voltage changes due to 
applied forces (2008, Tekscan). These sensors have been integrated into many different 
commercially available devices and sensing equipment. Two examples of these are the F-
Scan system and the FlexiForce sensor. The F-Scan system is an in shoe pressure sensing 
insole with 960 different pressure sensors (2008, Catalfamo). These are tiny sensors, which 
allow for mapping of the pressure distribution along the foot, when integrated with its DAQ 
and data analysis software. The F-Scan system can be customized and able to be cut to fit 
into the test subjects’ shoe. It is also light weight and thin, so it has little effect on the test 
subject. The FlexiForce sensor is similar, but more customizable, seeing that it is a 
standalone piezoelectric sensor (2008, Tekscan). It is user friendly and though DAQ and 
analysis software can be bought for it, it is simple that it can be integrated to be used with 
another (2008, Tekscan). The principle behind the FlexiForce sensor is that “when the 
sensor is unloaded, its resistance is very high, [but] when a force is applied to the sensor, the 
resistance decreases” (2008, Tekscan). With this sensor operating so simply, the resistance 
could easily be measured by “connecting a multimeter to the two outer pins of the sensor” 
(2008, Tekscan). This sensor, similar to the F-Scan, is also thin, lightweight, and could be 
easily integrated into a shoe. 
 Though these piezoelectric sensors are used in the same applications as force plates, 
they have a greater advantage. Seeing that these sensors are light weight, thin, and can be 
integrated into shoes, this allows for more flexibility in testing. These piezoelectric sensors 
allow for the testing to be brought out of the gait analysis laboratories. This means testing 
can be conducted on various surfaces, as well as in different places. Additionally, the number 
of steps per trial is only limited by the amount of memory of the DAQ system, and not by 
the number of force plates available. This means a dramatic increase in the understanding of 
the forces on the foot, especially for extended periods of time. Finally, there is almost no 
effect on the test subject, who now has no need to worry about making sure their foot hits a 
force plate, which allows more accurate data to be recorded.  
3  Problem Statement 
Our main task is to build two devices: one which measures the angular spinal 
rotation of a human subject while walking and the other which measures the impact and 
distribution of impact forces along the bottom of the feet. The designs of these devices were 
determined by listing all the realistic devices at hand and excluded the ones that were either 
too expensive or impractical for our application.  
Our collection of data from transducers attached to the subject was collected 
through a DAQ assistant.  The subjects that were tested were male student runners who run 
regularly and are in good physical shape. Their ages were between 18 and 25. Consent forms 
were signed and he subjects were presented with the slight risks. These risks included 
experiencing moderate physical activity on a treadmill and having secure devices and wiring 
strapped on them while doing so. Millivolts were used in this experiment so there was no 
risk in electrical discharge.  
4  Methodology 
4.1 Summary 
Two devices were designed and constructed: two shoe inserts with four FlexiForce 
transducers placed at impact points on the metatarsus and calcareous regions and a harness 
device to measure upper body spinal rotation with two rotational potentiometers adjusted at 
the mid section of the torso. All transducers were then connected to cables running to a 
custom made amplifying circuit connected to a computer data acquisition unit. Careful 
calibrations of the FlexiForce and potentiometers were made before acquiring data. 
An experiment comparing the degree of spinal rotation to the distribution of impact 
forces along the feet were completed by test subjects.  Real-time impact forces and degree of 
spinal rotation were recorded and analyzed while a test subject proceeded through an 
outlined workout regimen. This regimen included walking at different velocities while also 
having the test subject naturally restrict or overextend their torso movements.  
4.2 Construction of Foot Sensors 
4.2.1 Foot Inserts 
The foot sensors were constructed based on the mold of an athletic shoe insert that 
was purchased.  The quality insert provided a durable, pre-made mold allowing easy 
modifications and attachment of the FlexiForce sensors. The insert was designed for a 
person with a shoe size between 9 and 12. This size range was convenient in that most 
subjects, test subjects chosen were between size 9 and 12. Also, the insert was designed by 
the manufacturer purely for an equally-distributed cushion for the impact which walkers and 
runners experience. This means that they did not provide unbalanced support in certain 
areas, as some orthotics do in order to correct pronators, supinator, etc. Also, the cushioning 
hardly affected the data readings because the subject landed on the installed acrylic glass 
areas, not the insert itself. The insert was intended as blueprint for proper sensor placement.  
 
 
Figure 4.1: The Shoe Inserts 
4.2.2 Determining Proper Sensor Placement 
The regions with the greatest magnitudes of stress during impact are shown in Figure 
4.2. Using this information, it was determined the four best areas to place the FlexiForce 
sensors. By installing four sensors in each foot at nodes where the greatest magnitude of 
force is located, the general distribution of stress could be distinguished. The placements of 
the FlexiForce sensors are also shown in Figure 4.2. 
 
Figure 4.2: Relevant Stress Areas during Landing and the Placement of FlexiForce sensors 
 
 Obviously, if an array of sensors (even each of a smaller area) were placed, a much 
more accurate distribution of stress could be obtained. However, a two-dimensional array of 
four nodes placed in a trapezoidal pattern is sufficient enough to show the distribution of 
forces on an x-y plane.  
4.2.3 Pucks 
In order for the FlexiForce sensors to obtain correct readings, they must be placed 
between two thin cylinders called “pucks”, each covering the sensor area completely. These 
pucks were needed because they translate a direct force into a more distributed force on the 
sensor, making them more sensitive, as described in the manufacturer’s specifications. 
Pucks were created by using a thin polymer material trimmed slightly into a smaller 
area than the sensor area itself.  They were glued with a very small amount super glue to 
securely attach them to sensors. 
4.2.4 Foot Plates 
Since the total height of the sensors will now be the two pucks plus the sensor, the 
problem of discomfort needed to be solved, so the test subject was not just landing on 
sensors protruding from the base.  To solve this problem, all the FlexiForce sensors with the 
pucks were installed by placing them between two sheets of Acrylic glass. The acrylic glass 
not only protected the FlexiForce sensors from the harsh vertical and horizontal impact 
forces, but allowed a flexible, yet strong surface for the foot to land on. By having the plate, 
the mechanics and true distribution of the impact forces changes slightly because of material 
properties of the acrylic glass. Although the force distribution will change, a clear distinction 
between sensor readings was still measurable. Lastly, because there is a large region about 
midway down the length of the shoe that requires high flexibility in order to match the 
natural foot bending during mid-stride, a full-sized plate was not considered; instead two 
plates were constructed for the two major regions of impact.  This was to allow a more 
comfortable and natural feel during walking.  
Acrylic glass was chosen as the suitable support plate material due to its appropriate 
properties as shown in Table 4.1. 
Property Value 
Density 0.0455 - 0.0549 lb/in³ 
Modulus of Elasticity 550 - 1850 ksi 
Flexural Modulus 500 - 1800 ksi 
Flexural Yield Strength 16000 - 26000 psi 
Table 4.1: Material Properties of Acrylic Glass (Matweb) 
 
All these properties worked well for this engineering application and sufficiently 
withstood the various principle stresses during the foot strike cycle.  The plate also did not 
reach its bending yield stress, repeating force impacts had little, if any, visible long term 
effects on permanent deformation and, most importantly, the acrylic glass had negligible 
deformation in the downward direction, minimizing any elasticity or damping effects on the 
sensors.  
 To add support for the plates, four polymer columns (which have the same thickness 
as the sensors plus the pucks) were added to the front plate, and three were added to the 
back.   
The sensors were glued only on the bottom of the plate. The foot plate was designed 
to be supported by the outside columns with the sensors placed in the in the center area with 
a very small gap between the top and the bottom of the top plate. The slight deformation of 
the plate made instant contact with sensor. The sensors were not glued on both sides 
because there might have been initial tension on the sensors since the columns were slightly 
higher than the sensors. This breathing room allowed for unaffected initial conditions. 
The entire length of the sensors were reinforced with strong tape to prevent tearing 
due to the frictional shear forces of the foot rubbing against the side of the shoe while  
walking.  Each of the four sensors leaving the shoe had two wires soldered to the in and out 
electrical terminals.  The eight combined wires were securely tied together for the entire 
length of 5ft to the circuit chassis on the waist.  During testing, the bundle of wires were  
securely attached to two nodes through the length of the leg, allowing additional length at 
the ankle and knee to prevent the wires from pulling and possibly damaging the FlexiForce 
sensors or the circuit chassis. The finished product of the shoe inserts are shown in Figure 
4.3. 
 
Figure 4.3: The Foot Insert Sensors 
 
4.3 Spinal Rotation Device 
 A spinal rotation device was constructed by using two 10kΩ rotation potentiometers 
as sensors mounted in line at the upper thoracic region. Both potentiometers rotated relative 
to a base plate, which was securely fixed to the lower back.  The final device is shown in 
Figure 4.4. 
 
Figure 4.4: The Spinal Rotation Device 
4.4 Circuit Construction 
The electrical circuit was developed to control the output of both the piezoelectric 
FlexiForce sensors and the potentiometers being used as rotational measurement sensors. 
Two separate electrical circuits were developed to perform this task. The first circuit was to 
control the FlexiForce sensors. A recommended driving circuit was supplied by the 
manufacturer, as seen below in Figure 4.5. 
 
Figure 4.5: Recommended Driving Circuit for the FlexiForce sensors 
The FlexiForce sensors resistance, “Rs”, decreases exponentially as heavier loads are 
applied, and the control circuit takes this change in resistance and turns it into a linear 
change in voltage. The gain changes depending on the value of the resistor in the negative 
feedback loop, “Rf” gain is the amount that the input is varied or amplified, so depending on 
the resistors being used, the voltage change at the output (given a constant load at the 
sensor) can be increased or decreased. Therefore, the sensitivity of the circuit and sensor can 
be varied depending on the change in voltage per ohm of resistance. Additionally, the 
operational amplifier or op-amp had to be driven by a positive and negative voltage. This 
driving voltage is the maximum value of the voltage that can be output from the op-amp. 
Not only did the value of “Rf” need to be determined, but also the value of the input 
voltage, “Vt”, and the op-amp driving voltages.   These needed to be determined to allow 
for a large enough range of voltages to vary through. 
 The value of “Rf” had to be chosen to allow for a large load but still be sensitive 
enough to be able to measure minor changes in force at the sensor. To allow for this 
sensitivity, the driving voltages of the op-amp and the input voltage had to be determined to 
allow for the largest range. The governing equation of the circuit was utilized in Microsoft 
Excel where these different values were varied, as shown in Appendix 8.4. After analyzing 
the data, the resulting circuit was constructed as shown in Figure 4.6. The value of the 
negative feedback loop resistor, “R4”, was chosen because it allowed for both the sensitivity 
and the ability to take large loads. Additionally, the value of the input voltage, “Vin”, was 
determined to be -3 volts and the driving voltage of the op-amp was determined to be ± 9 
volts. This allowed the output to vary from 0 to 6 volts. A voltage divider was used, 
however, to allow the value of “Vin” to be changed if needed. 
 
Figure 4.6: Final Circuit Schematic for the FlexiForce Sensors 
 The second circuit developed was for the potentiometer rotational sensors. The 
circuit design had to have a linear output so that the change in voltage could be related to 
degrees of rotation. Additionally, the circuit had to be sensitive enough to pick up on minor 
rotations. To fulfill these requirements, many different circuits were developed and tested. 
The final circuit met the requirements and can be seen below in Figure 4.7. 
 Figure 4.7: Final Circuit for the Potentiometer Rotational Measurement Sensors 
 This circuit is similar to the circuit used for the FlexiForce sensors in Figure 4.6. The 
voltage supply going into the op-amp, “Vin”, is -3 volts. The output is varied through the 
ratio of two resistors to change the gain of the circuit. In this case, R4 is the potentiometer 
which varies from 0-10k ohms. This gives the circuit a range of gain from 0-100% of the 
input voltage, so the output of the circuit changes linearly from 0 to 3 volts depending on 
the rotation of the potentiometer. 
 Once these two circuits were constructed, they were combined into an overall 
electrical circuit having 2 potentiometer circuits and 8 FlexiForce circuits. The final circuit 
diagram is shown in Appendix 8.7. The electrical components were purchased and soldered 
to a circuit board. The circuit was then thoroughly tested to test to assure the proper 
voltages were being supplied to the proper op-amp pins to assure they would not be 
damaged. The final fully constructed circuit can be seen below in Figure 4.8 and Figure 4.9: 
 Figure 4.8: Final circuit (Top View) 
 
Figure 4.9: Final Circuit (Bottom View) 
4.5 Data Acquisition 
Data was acquired by using three, USB Data acquisition units, as shown in Figure 
4.10.  These specification for these units are shown in Appendix 8.3 
 Figure 4.10: NI USB-6525Data Acquisition Unit 
Wiring was attached to the appropriate channels on the DAQs, which were then 
linked to a laptop. The LabView program shown in Appendix 8.8 was developed to acquire 
the signals at a rate of 10Hz, from all eight sensors and both the potentiometers 
simultaneously.  Two charts showed the voltage changes due to the four sensors on each 
foot and another chart showed the two potentiometer voltage changes due to spinal rotation.  
The sample data plotted in Figure 4.11 shows a short excerpt of a subject’s foot rolling back 
and forth and the respective voltage changes for each sensor.   
 
Figure 4.11: Voltage Change Due to a Foot Rolling Back and Forth 
4.6 Calibration 
 The voltage output of the sensors is a function of force applied to the sensor.  
Therefore, by applying a known force on a sensor, calibration factors that translate voltage 
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to force could be found for each sensor.  The procedure to find a calibration factor for a 
sensor involved placing weight-adjustable dumbbells evenly on the foot insert, over the 
sensor being calibrated.  A dumbbell weight of 5 lb was placed first, and the outputted 
voltage was noted.  This process was repeated in added increments of 5 lb until 50 lb was 
reached.   
Figure 4.12: Calibration Values for the Eight FlexiForce Sensors 
Trend lines were found for each sensor data set and the gain equations were 
calculated as shown in Table 4.2.  
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R4 R3 R2 R1 L4 L3 L2 L1
 Sensor Force = 
R1 
𝑆𝑒𝑛𝑠𝑜𝑟 𝑉𝑜𝑙𝑡𝑎𝑔𝑒
0.0438
+ 0.6529 
R2 
𝑆𝑒𝑛𝑠𝑜𝑟 𝑉𝑜𝑙𝑡𝑎𝑔𝑒
0.0387
+ 0.4864 
R3 
𝑆𝑒𝑛𝑠𝑜𝑟 𝑉𝑜𝑙𝑡𝑎𝑔𝑒
0.0395
+ 0.4751 
R4 
𝑆𝑒𝑛𝑠𝑜𝑟 𝑉𝑜𝑙𝑡𝑎𝑔𝑒
0.0324
+ 0.5241 
L1 
𝑆𝑒𝑛𝑠𝑜𝑟 𝑉𝑜𝑙𝑡𝑎𝑔𝑒
0.0405
+ 0.6204 
L2 
𝑆𝑒𝑛𝑠𝑜𝑟 𝑉𝑜𝑙𝑡𝑎𝑔𝑒
0.024
+ 0.3366 
L3 𝑛/𝑎 
L4 
𝑆𝑒𝑛𝑠𝑜𝑟 𝑉𝑜𝑙𝑡𝑎𝑔𝑒
0.0536
+ 0.8114 
Table 4.2: Voltage to Force Conversion Equations for the Eight Sensors. 
Finding the calibration factors for the potentiometer was a similar procedure to the 
sensors except that the potentiometer was rotated to several known angles.  The respected 
voltages were noted for each potentiometer and could then be translated to an angle of 
rotation.   
 Figure 4.13: Potentiometer Data Values and Trend Line Equations 
4.7 Test Subject Procedure 
With the LabView set up to run, all the equipment was moved to a treadmill and nine test 
subjects were recruited to complete a short regimen of walking types.  The test subject was 
assisted in putting on the equipment and was asked to walk on the treadmill normally.  The 
treadmill speed was set to a comfortable walking speed of 3mph and the LabView program 
was run.  After 30 seconds of walking normally, the subject was then asked to exaggerate 
their upper torso movements, using mainly their arms and spinal twist to drive their stride.  
For the last 30 seconds, the subject was asked to wrap their arms around their chest, 
completely eliminating arm movement.  The detailed testing procedure is outlined in 
Appendix 8.6. 
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5  Results 
The data collected for each procedure was output directly in an Excel file for 
analysis.  Using the calibration factors, voltages were directly converted to pounds force and 
the potentiometers were converted to angle of rotation in degrees.  Using a C++ program, 
the peaks of force and the peaks of rotation were collected from each test subject and 
analyzed with statistical tests.  
5.1 Consistency of Acquired Data 
Based on general observations in the LabView charts during the testing procedure, 
several issues arose.  The most notable issue was electrical interference in our Flexi Force 
sensors from the voltage driving caused by the treadmill.  When the treadmill was set to even 
a very slow speed, the voltage output for each sensor showed a slow noise wave with about a 
period of 2 seconds fluctuating between about -0.3 and 0.3 volts in amplitude. After trying to 
filter the data at multiple of 60 HZ for electrical interference, and not seeing much of a 
change, it was assumed that more than one on type of noise was present. These different 
types of noise were assumed to be caused by electrical interference due to the treadmill and 
other pieces of gym equipment around it, as well as mechanical interference due to the 
vibrations of the treadmill and the environment. 
However, even though this appeared to be a concerning issue, it did not create any 
major inaccuracies because when force was applied to the sensors, there was still clear 
responsiveness to the sensors. A peak was still visible during a foot step, and the datum line 
was simply just the wave itself.  The peak height could still be obtained, and a C++ program 
was written to find them.  Figure 5.1 is an example of the voltage output for one sensor 
while a test subject was walking.  The interference datum line can clearly be seen as well as 
the foot striking peaks on the line.  
 
Figure 5.1: The Interference Datum Line as shown by the Concentration of Points 
Another major issue was certain sensors not working correctly.  Due to background 
noise and electrical interference with the electronics, a sensor would stop working during 
tests, or would spike extremely high.  However, it was obvious when a sensor was not 
working correctly and that data was omitted from analysis for that particular test.   
Lastly, there was general, high-frequency noise present in both the Flexi Force and 
potentiometer sensors data altogether.  This was assumed to be purely interference in our 
electronics, most likely caused by the operational amplifiers used.  This was further 
confirmed seeing that it was present both in and away from the testing environment.  The 
amplitude was relatively low (±0.05 V from true value), and was easily filtered out by using 
an averaging tool in LabView.  The noise was consistent enough to assume that the average 
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was accurate with little error from the true value.  Despite this minor noise issue, the 
potentiometer circuits hardly had any noise issues and had clean data output during rotation. 
5.2 Force Sensor Output 
As stated above the output from the force sensors was somewhat less than ideal. 
Even after filtering through the voltage output from the sensors the data still had large 
standard deviations between the force outputs of a given sensor, as seen below in Figures 
5.2, 5.3, and 5.4.  
 
Figure 5.2: Example Force Output for Normal Walking 
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 Figure 5.3: Example Force Output for Exaggerated Rotation 
 
Figure 5.4: Example Force Output for Minimized Rotation 
It is clear by looking at the data that the data has a large standard deviation, but 
despite this the data tended to be mainly clustered within a certain range for each test 
subject. This showed that the output from the sensors, though noisy, did show the forces 
and were not just random output values. This type of output was seen from all test subjects. 
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Additionally the number of working force sensors during testing also varied. Due to this 
only three sensors worked consistently between all nine test subjects. To make sense of this 
data it was averaged for each different thirty second interval of motion to give a mean value 
of the forces occurring, and a standard deviation was found to see how far the data was 
spread. Below in Tables 5.1 and 5.2 this can be seen. 
  
     R4 R3 R2 R1 
Test 
Subject 
Interval 
Avg. 
Force 
(lbs) 
Std. 
Dev. 
Avg. 
Force 
(lbs) 
Std. 
Dev. 
Avg. 
Force 
(lbs)) 
Std. 
Dev. 
Avg. 
Force 
(lbs) 
Std. 
Dev. 
A 
Normal 24.61 6.10 41.64 7.12 13.29 3.88 n/a n/a 
Exaggerated 29.55 6.53 39.03 9.53 10.60 7.21 n/a n/a 
Minimized 26.17 6.84 36.87 6.01 15.13 7.75 n/a n/a 
B 
Normal 13.65 3.67 20.16 3.91 n/a n/a 11.13 5.16 
Exaggerated 14.79 3.92 22.24 5.56 n/a n/a 10.02 3.39 
Minimized 13.49 2.45 21.35 3.76 n/a n/a 9.94 3.87 
C 
Normal 25.07 5.12 24.17 5.84 n/a n/a n/a n/a 
Exaggerated 24.08 5.58 22.16 6.15 n/a n/a n/a n/a 
Minimized 23.29 4.54 20.40 4.68 n/a n/a n/a n/a 
D 
Normal 12.76 2.26 21.69 4.37 5.66 4.14 n/a n/a 
Exaggerated 11.52 3.21 18.71 6.28 7.23 5.44 n/a n/a 
Minimized 12.88 2.74 20.08 6.35 5.88 4.09 n/a n/a 
E 
Normal 10.87 2.56 8.86 3.12 n/a n/a n/a n/a 
Exaggerated 12.68 3.83 9.79 2.74 n/a n/a n/a n/a 
Minimized 10.17 3.03 9.09 2.86 n/a n/a n/a n/a 
F 
Normal 14.58 3.02 11.36 3.46 12.32 3.62 14.65 4.29 
Exaggerated 15.34 4.90 13.09 4.70 10.43 6.42 5.10 3.58 
Minimized 14.27 3.62 11.55 4.41 12.63 4.96 15.38 4.74 
G 
Normal 15.73 3.21 16.19 5.12 n/a n/a n/a n/a 
Exaggerated 14.09 4.77 17.68 6.20 n/a n/a n/a n/a 
Minimized 16.01 3.10 17.07 4.41 n/a n/a n/a n/a 
H 
Normal 10.83 3.70 8.92 3.34 n/a n/a n/a n/a 
Exaggerated 8.17 3.86 5.76 3.47 n/a n/a n/a n/a 
Minimized 11.39 4.15 6.26 5.10 n/a n/a n/a n/a 
I 
Normal 17.59 3.42 11.46 4.26 n/a n/a n/a n/a 
Exaggerated 10.27 3.61 6.68 3.43 n/a n/a n/a n/a 
Minimized 14.48 3.48 9.02 3.45 n/a n/a n/a n/a 
Table 5.1: Right Foot Average Forces and Standard Deviations 
  
 
  L4 L3 L2 L1 
Test 
Subject 
Interval 
Avg. 
Force 
(lbs) 
Std. 
Dev. 
Avg. 
Force 
(lbs) 
Std. 
Dev. 
Avg. 
Force 
(lbs) 
Std. 
Dev. 
Avg. 
Force 
(lbs) 
Std. 
Dev. 
A 
Normal 13.25 1.92 n/a n/a 11.15 5.98 n/a n/a 
Exaggerated 12.89 2.75 n/a n/a 7.58 4.14 n/a n/a 
Minimized 12.56 2.67 n/a n/a 7.09 6.60 n/a n/a 
B 
Normal 16.73 3.03 n/a n/a 6.43 2.82 10.62 4.41 
Exaggerated 19.49 4.11 n/a n/a 7.02 3.59 9.60 5.09 
Minimized 17.03 3.33 n/a n/a 5.91 2.81 10.79 4.94 
C 
Normal 19.24 2.65 n/a n/a n/a n/a 9.21 3.28 
Exaggerated 19.60 3.74 n/a n/a n/a n/a 10.57 5.34 
Minimized 17.75 2.95 n/a n/a n/a n/a 10.59 3.96 
D 
Normal 13.31 3.36 n/a n/a 6.41 3.33 n/a n/a 
Exaggerated 11.57 3.31 n/a n/a 8.10 3.51 n/a n/a 
Minimized 13.97 2.71 n/a n/a 10.36 4.77 n/a n/a 
E 
Normal 10.48 2.34 n/a n/a n/a n/a n/a n/a 
Exaggerated 10.23 2.54 n/a n/a n/a n/a n/a n/a 
Minimized 8.91 1.88 n/a n/a n/a n/a n/a n/a 
F 
Normal 13.20 2.82 n/a n/a 10.41 4.38 n/a n/a 
Exaggerated 12.96 7.35 n/a n/a 10.81 5.52 n/a n/a 
Minimized 10.88 3.35 n/a n/a 9.64 5.15 n/a n/a 
G 
Normal 12.86 2.43 n/a n/a 11.50 4.04 n/a n/a 
Exaggerated 18.01 5.17 n/a n/a 11.49 8.41 n/a n/a 
Minimized 12.57 3.68 n/a n/a 13.03 5.34 n/a n/a 
H 
Normal 6.60 2.19 n/a n/a 10.44 3.48 n/a n/a 
Exaggerated 7.08 2.05 n/a n/a 8.38 4.80 n/a n/a 
Minimized 7.04 1.95 n/a n/a 12.18 4.35 n/a n/a 
I 
Normal 12.09 4.48 n/a n/a 6.81 4.62 n/a n/a 
Exaggerated 7.05 3.20 n/a n/a 5.11 3.64 n/a n/a 
Minimized 9.75 1.88 n/a n/a 6.35 3.54 n/a n/a 
Table 5.2: Left Foot Average Forces and Standard Deviations 
5.3 Rotational Sensors 
 The output of the rotational sensors was the complete opposite of the force sensors. 
It was reproducible and sensitive with no noise other then mentioned above noisy, it was 
able to pick up even the smallest changes in rotation. 
 Figure 5.5: Example Output of both Differential and Total Rotation for Normal Rotation 
 
Figure 5.6: Example Output of both Differential and Total Rotation for Exaggerated Rotation 
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 Figure 5.7: Example Output of both Differential and Total Rotation for Minimized Rotation 
As seen in Figures 5.5, 5.6, and 5.7, the rotational output did not have as large 
deviations in the data, in comparison with the output of the foot sensors. By looking at these 
figures alone, the increase in differential rotation could easily be seen. This type of output 
was seen from all test subjects. The rotational sensors worked consistently between all nine 
test subjects, and were able to pick up the smallest changes in their rotations. Though the 
changes in both differential and total rotations were not the same, it allowed for a 
comparison to be made between the extents of the distribution of forces for different 
amounts of rotations. To make the analysis simpler, the data was averaged for each different 
thirty second interval of motion to give a mean value of the rotations occurring, and a 
standard deviation was also found to see how far the data was spread. Below in Table 5.3 
this can be seen. 
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Upper Pot   
(Differential Rotation) 
Lower Pot              
(Total Rotation) 
Test 
Subject 
Interval 
Average 
Rotation 
(degrees) 
Standard 
Deviation 
Average 
Rotation 
(degrees) 
Standard 
Deviation 
A 
Normal 0.52 0.29 3.86 0.84 
Exaggerated 3.85 1.55 9.51 2.30 
Minimized 0.28 0.17 3.06 0.60 
B 
Normal 1.54 0.30 6.77 0.91 
Exaggerated 2.57 0.70 8.95 1.34 
Minimized 1.49 0.57 5.07 1.43 
C 
Normal 1.71 0.25 5.41 0.86 
Exaggerated 5.39 1.71 14.16 5.52 
Minimized 0.46 0.20 4.35 0.76 
D 
Normal 0.21 0.16 10.86 0.81 
Exaggerated 6.20 2.31 30.71 7.63 
Minimized 0.38 0.17 9.33 0.83 
E 
Normal 0.55 0.24 4.93 0.88 
Exaggerated 2.77 0.84 21.15 4.97 
Minimized 0.56 0.18 2.98 1.13 
F 
Normal 2.09 0.32 7.50 0.78 
Exaggerated 4.50 1.17 14.11 2.64 
Minimized 1.09 0.28 7.10 0.61 
G 
Normal 0.81 0.38 8.15 0.60 
Exaggerated 2.35 0.59 10.74 1.86 
Minimized 0.38 0.28 6.33 0.87 
H 
Normal 0.57 0.31 10.81 1.01 
Exaggerated 0.94 0.52 12.26 2.45 
Minimized 0.78 0.33 9.94 1.33 
I 
Normal 0.62 0.33 6.58 0.83 
Exaggerated 6.93 1.51 21.60 2.92 
Minimized 1.05 0.41 7.26 0.96 
Table 5.3: Average Rotations and Standard Deviations for the Rotational Sensors 
5.4 Comparison of Normal and Exaggerated Motions 
 To determine if there was a correlation between the distribution of impact forces on 
the feet and the differential rotation of the spine two the data for two different types of 
motion were compared. The first analysis was of the forces and rotations occurring during 
the test subjects’ normal walking behavior. This was then compared with the forces and 
rotations occurring during an exaggerated motion.  It was hypothesized that the exaggerated 
motion would increase in differential rotation between two vertebrae and that this increase 
in rotation would result in the distribution of the forces on the foot to vary.  A hypothesis of 
what would occur during this distribution was that the forces on one sensor would either 
increase or decrease, while the forces on another would do the opposite. 
5.5 Comparison of the Data from the Rotational Sensors 
 To compare the difference in rotations occurring during the normal and exaggerated 
motions, the mean values in Table 5.3 were used. To start off, however, the two types of 
rotations that were measured needed to be defined. The first type of rotation, measured by 
the upper potentiometer, was the differential rotation between two plates.  This differential 
rotation is a measure of the rotation between two vertebrae.  The second type of rotation, 
measured by the lower potentiometer, was the total rotation occurring.  This total rotation is 
a measure of the rotation occurring with reference to the base of the spine.  Once the 
rotations were defined, values comparing these rotations were calculated. 
The first value calculated was the percentage contribution of the differential rotation 
out of the total rotation during the different motions preformed by the test subjects.  This 
value allowed a greater understanding of how much rotation was actually occurring between 
two vertebrae.  The second value calculated from this data was the percentage increases in 
the rotation between normal and exaggerated motions.  This value allowed a greater 
understanding of just how much a test subject was increasing their rotations. To calculate the 
percentage contributions of the rotations the equation below was used where the 
exaggerated rotation, normal rotation, and the percentage contributions are the variables A, 
B, and C respectively. 
𝐶 =
𝐴
𝐵
∗ 100% 
The percentage increase in the differential rotation was found by the use of the equation 
below, where the exaggerated rotation, normal rotation, and the increase in the differential 
rotation are the variables A, B, and D respectively. 
𝐷 =
𝐴 − 𝐵
𝐵
∗ 100% 
  
Test 
Subject 
Interval 
Contribution of 
the Differential 
Rotation 
(C) 
Increase in 
Differential 
Rotation 
(D) 
A 
Normal 13% 
644% 
Exaggerated 40% 
B 
Normal 23% 
67% 
Exaggerated 29% 
C 
Normal 32% 
216% 
Exaggerated 38% 
D 
Normal 2% 
2821% 
Exaggerated 20% 
E 
Normal 11% 
402% 
Exaggerated 13% 
F 
Normal 28% 
116% 
Exaggerated 32% 
G 
Normal 10% 
191% 
Exaggerated 22% 
H 
Normal 5% 
65% 
Exaggerated 8% 
I 
Normal 9% 
1013% 
Exaggerated 32% 
Table 5.4: Summary of Rotational Sensor Data 
 Table 5.4 summarizes the values found by the equations. By comparing the values it 
can be seen that each test subject rotated different amounts.  This was expected since the 
subjects had so many varying factors that would affect the results, such as height, weight, 
stride length, walking style, etc.  Each test subject that performed the exaggerated motion, 
however, had an increase in the percentage contribution of their differential rotation, or in 
other words they increased the rotation occurring between two vertebrae.  The percent 
increase in differential rotations was often dramatic in some cases, such as with test subjects 
D and I, who increased their differential rotations 2821% and 1013% increases respectively. 
With it clear that the exaggerated motions had increased the differential rotations of the test 
subjects, the forces occurring during these motions needed to be analyzed. 
5.6 Comparison of the Data from the Force Sensors 
 To analyze the data and determine the range of the expected values of force for a 
given sensor, a paired comparison hypothesis test was performed on the data. This 
hypothesis test allowed for the mean force values for both the normal and exaggerated 
motions to be compared. This comparison then output a range of the expected value of the 
difference between the exaggerated and normal forces. 
5.6.1 Paired Comparison Hypothesis Test 
 The first step in the hypothesis test is to set up the hypothesis. What we are testing is 
an alternative hypothesis, or “Ha”, and to this test checks to see if the opposite or null 
hypothesis, “Ho”, meets a certain criteria. In our situation our “Ho” and “Ha” are 
 Ho is µexaggerated − µnormal ≤ 0, or that the 
Normal Forces ≥ Exaggerated Forces 
 Ha is µexaggerated − µnormal > 0, or that the 
Normal Forces ≤ Exaggerated Forces 
Once these two values are defined the mean of the differences, “đ”, needs to be calculated. 
The equation used is seen below where “di” is the difference between the after and before 
values, or in our case the difference between the exaggerated and normal forces. Additionally 
“n” is the number of values. Use subscript 
đ =
∑di
n
 
 The second step is to determine the sample variance of the differences, “𝑆d
2”, using 
the equation below. Yet again “di” is the difference between the exaggerated and normal 
forces and “n” is the number of values. 
𝑆d
2 =
𝑛 − ∑di
2 −  ∑di 
2
𝑛 ∗ (𝑛 − 1)
 
 The third step is to determine the sample standard deviation on the mean of the 
differences, “𝑆đ”, using the equation below, where “𝑆d” is the sample standard deviation of 
the differences, or the square root of the sample variance of the differences. 
𝑆đ =
𝑆d
√n
 
 Now that these values are know it is time to check the hypothesis. First the test 
statistic, “t”, needs to be calculated, where “đ” and “𝑆d” are the mean of the differences, and 
the sample standard deviation. The variable “µd” is the difference between the after and 
before values, or in our case the difference between the exaggerated and normal forces. 
µd = µexaggerated − µnormal  
t =
đ − µd
𝑆d
 
This test statistic “t” is then compared against the critical value 𝑇
 1−
𝛼
2
 ,𝑑𝑖𝑓𝑓  𝑛−1
, which is the 
defining boundary line which determines whether or not the null hypothesis, “Ho”, can be 
rejected. Below in Figure 5.8 is an example of the graph used in determining whether you 
accept or reject the null hypothesis.  If your test statistic “t” value falls in the reject the null 
hypothesis area, then that means that you are able to be confident in your alternative 
hypothesis, “Ha”, which is the hypothesis that you are trying to prove. If you do not reject 
the null hypothesis area, however, then you are not confident of your alternative hypothesis.  
 
Figure 5.8: T Distribution Curve 
The final step is to use the calculated values to determine the range of the mean of 
the differences, “µd”. The equation to find this range is seen below, where 𝑇(1−𝛼  /2) is the 
area under the density curve for a T-distribution, and the “α” is the percent of confidence 
you have in the interval. 
µd :đ ± 𝑇(1−𝛼  /2) ∗ 𝑆đ 
This gives you a range of the expected value of the difference between the exaggerated and 
normal forces where a negative value in the range means that the normal force, or  µnormal  , 
is greater than the exaggerated force. A positive force in the range means the opposite, or 
that the exaggerated force, or  µexaggerated  , is greater than the normal force. This means 
that a negative value in the range represents a decrease in force, while a positive value 
represents an increase in force. 
5.6.2 Results of the Paired Comparison Hypothesis Test 
 After performing the Paired Comparison Hypothesis test on the force sensor data, 
the resulting ranges seen in Table 5.5 were analyzed. 
Sensor n đ Sd
2 Sđ t-value 
Critical t 
value 
Range µd 
R4 9 0.5771 11.5716 1.1339 0.5089 
1.3968 
-2.0377 3.1919 
R3 9 1.0350 6.6735 0.8611 1.2019 -0.9507 3.0207 
R2 3 1.0031 5.1457 1.3097 0.7659 -2.0170 4.0231 
R1 2 5.3312 35.7625 4.2286 1.2607 -4.4200 15.0824 
L4 9 -0.1222 7.8818 0.9358 -0.1306 -2.2802 2.0358 
L3 0 n/a n/a n/a n/a n/a n/a 
L2 7 0.6665 3.3563 0.6924 0.9626 -0.9302 2.2633 
L1 1 -0.1697 2.8586 1.1955 -0.1420 -2.9266 2.5872 
Table 5.5: Resulting Ranges and Values Calculated from the Paired Comparison Hypothesis Test 
The first step was to compare the calculated t-value against the calculated critical t 
value to see if our alternative hypothesis was true.  The result of this comparison was that all 
of our t-values, or test statistics, ended up in the “Do Not Reject Ho” section of the graph.  
This means that we were unable to disprove that the difference between the exaggerated 
force and the normal force will be less than zero, or in other words we were unable to 
disprove that the exaggerated force will be greater than the normal force.  This means that 
by not rejecting the null hypothesis, and by using a confidence interval of 95%, that we were 
not 95% confident that the exaggerated force will be less than the normal force. 
Next step was to look at the ranges of the differences between the exaggerated and 
normal forces. From first glance of the data in Table 5.5, it can be seen that the ranges seem 
to tend to have more positive than negative values. This means that the difference in forces 
tends to have the normal force larger than the exaggerated force. Additionally, there seems 
to be no real pairing between a large force on one sensor and a small force on another. This 
means that the data tends to show that distribution of the forces does show any variation. 
This can be further seen in Figure 5.9 below. 
 
Figure 5.9: Range of Expected Forces from Paired Comparison Hypothesis Test 
5.6.3 The Correlation between the Distribution of Impact Forces and Spinal Rotation 
The range of forces tends to show that the normal forces are increased at a given 
sensor more than they are decreased, and this happens during dramatic increases in spinal 
rotation. With the increased forces at a given sensor, there are very little compensatory 
changes in force at the other sensors. A change in the distribution of the forces would show 
a pairing of both an increase in force at one sensor, and an almost equal decrease in force at 
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the another sensor. This is not seen in the ranges of the expected force values. Additionally 
we were unable to disprove the hypothesis that the exaggerated forces will be greater than 
the normal forces. In fact we were not 95% confident that the exaggerated forces will never 
be less than the normal forces. This data, thus, indicates no significant correlation between 
the distribution of impact forces at the foot and increased spinal rotation. 
6  Conclusion 
From analyzing the data, no significant correlation that can be made between 
increased spinal rotation and decreased impact force at the feet.   By making hypothesis 
about the forces occurring during these periods of increased spinal rotation we were able to 
draw this conclusion.  By conducting the paired comparison hypothesis test we were not 
able to disprove that the hypothesis that the exaggerated force will be greater than the 
normal force.  This hypothesis was further confirmed when looking at the expected 
distribution of the difference between the exaggerated and normal forces.  This distribution 
showed that the forces occurring during normal walking tended to be less than the forces 
during exaggerated motion.  Additionally the distributions showed that there were very little 
compensatory changes in force at the other sensors due to an increase at another.  Due to all 
the reason the conclusion was made that there was no significant correlation between the 
distribution of impact forces at the foot and increased spinal rotation 
Aside from data analysis, two effective devices were constructed which were 
mechanically sound and comfortable to wear.  The output of these devices, however, was 
often noisy due to interference with electronics and/or mechanical vibration, thus restricting 
the data that could be collected.  This may be the reason why some of the data was 
inaccurate or unreadable.   
The devices work excellent under non-interference areas and it is suggested that in 
related future studies, the interference issue could be resolved by using wireless data transfer 
or experimenting in outdoor locations.  Also, the plates which held the FlexiForce should be 
redesigned to be stronger, as a crack developed on the top of a heel plate and had to be 
replaced.  Additionally, improvements need to be made to the control electronics by 
researching better electrical engineering techniques and components. 
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8  Appendices 
8.1 Comparison of Instrumentation 
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8.2 Budget 
Item Price Quantity Total 
(4) 10K linear pot 2.99 4 6.99 
(2) 20 ft rolls of copper wire 7.69 2 9.69 
(4) TL082 Dual Operational Amplifier 1.99 4 5.99 
(2) 741 Mini Dip ICs 0.99 2 2.99 
(2) 3V to 12V variable voltage supplies 19.99 2 21.99 
(6) Assorted Resistors (5 pack) 0.99 6 6.99 
(4) 8-pin IC sockets 0.69 4 4.69 
(1) 20-pin IC sockets 0.69 1 1.69 
4 ft heat shrink 1.8 1 2.8 
Assorted Connectors 0.99 6 6.99 
Eurocard (circuit board) 3.9 1 4.9 
Board case Donated 1 1 
Pipe 2.96 1 3.96 
Dowel 2.32 1 3.32 
Acrylic Glass 3.15 1 4.15 
Strapping Donated 1 1 
Screws Donated 1 1 
FlexiForce Sensors (8 pack) 110 1 111 
Foot Insert 12.99 1 13.99 
Epoxy 19.99 1 20.99 
  
Total 236.12 
 
  
8.3 Electrical Component Specifications 
1. 10K-Ohm Audio-Taper Potentiometer 
1 11/16" Long x 1 1/4" diameter round shaft 
2. LM741CN Operational Amplifier (8-Pin Dip) 
3. NI USB-6525 DAQ Assistant  
 
4-Channel, ±5 V, 24-Bit IEPE Analog Input Module  
Number of channels ............................... 4 analog input channels  
ADC resolution ...................................... 24 bits  
Type of ADC..........................................Delta-sigma (with analog pre-filtering)  
Master timebase (internal)  
Frequency........................................ 12.8 MHz  
Accuracy ......................................... ±100 ppm max  
Input coupling ........................................AC  
AC cutoff frequency  
–3 dB............................................... 0.5 Hz typ  
–0.1 dB ........................................... 4.2 Hz max  
AC voltage full-scale range  
Typical.............................................±5.4 Vpeak  
Minimum.........................................±5 Vpeak  
Maximum ........................................±5.8 Vpeak  
Common-mode voltage  
(AI– to earth ground) ..............................±2 V  
IEPE excitation current  
Minimum .........................................2.0 mA  
Typical.............................................2.2 mA  
IEPE compliance voltage........................19 V max  
Accuracy (0 to 60 °C)  
Error Accuracy  
Calibrated max ±0.3 dB  
Calibrated typ ±0.1 dB  
Uncalibrated max ±0.6 ds  
Accuracy drift  
Typical ............................................ 0.001 dB/°C  
Maximum........................................ 0.0045 dB/°C  
Channel-to-channel matching  
Gain 66  
  
Maximum................................. 0.27 dB  
Typical ..................................... 0.07 dB 
  
8.4 FlexiForce Circuit Design 
 
8.5 Institutional Review Board Regulations 
Informed Consent Agreement for Participation in a Research Study  
  
Investigators:    Austin Susmann  
      Pat Benson  
  
Contact Information:  Austin Susmann  
        WPI  
        P.O. Box 3390  
        100 Institute Road  
        Worcester, MA  01609  
        Tel. 781-710-3098, Email: asusmann@wpi.edu  
  
        Pat Benson  
        WPI  
        P.O. Box 243  
        100 Institute Road  
        Worcester, MA  01609  
        Tel. 508-212-6528, Email: pbenson@wpi.edu  
  
Title of Research Study:  Spinal Rotation and Distribution of Impact Forces  
  
Introduction  
You are being asked to participate in a research study. Before you agree, however, you  
must be fully informed about the purpose of the study, the procedures to be followed, and  
any benefits, risks or discomfort that you may experience as a result of your participation.  
This form presents information about the study so that you may make a fully informed  
decision regarding your participation.  
  
Purpose of the study:    
In this experiment, we will investigate the relationship between the bodies’ spinal  
rotation and the impact force distribution along the foot while running by using gait  
analysis methods. Also, we will investigate the relationship between these impact forces  
and determine if a particular distribution or magnitude could possibly cause injury.  
  
Procedures to be followed:  
You will be equipped with two measurement devices, one to measure spinal rotation and  
one to measure the distribution of forces on the foot. The spinal rotation device is placed  
on the back and attached to you with two straps coming across the upper chest and one  
around the waist. The distribution of forces on the foot will be measured by a thin device  
that will be placed in both of your shoes. Small wires from these sensors will run out of  
the shoe and up to a plug at your waist. These wires will be securely attached to the leg  
through the use of straps, to prevent tripping. A cable will then be run from your waist to  
our DAQ device. You will then be asked to stand on each foot 4 times to allow for  
calibration of the sensors. You may also be asked to rotate your spine to assure the spinal  
rotation device is working properly. Once calibration is complete you will be instructed  
to get on a treadmill where you will be instructed to run at 3 different speeds. You will be   2  
allowed to take breaks between each speed. You may also stop if any discomfort occurs.  
At each speed you will be instructed to perform two spinal rotations. You will be asked to  
run normally, which will give us your normal spinal rotation, and then you will be asked  
to increase your spinal rotation.  
  
Risks to study participants:    
There is little risk involved with this study. It will involve running at a jogging pace of  
about 5 mi/hr with plenty or rest. All devices will be securely attached and out of the  
subject’s way.  
  
Benefits to research participants and others:    
Potential benefits of the study will be due to the fact that the subjects will mostly be  
competitive athletes, who will benefit from our results which are intended to help correct  
running mechanics and to help prevent injury.  
  
Record keeping and confidentiality:    
Records of your participation in this study will be held confidential so far as permitted by  
law. However, the study investigators, the sponsor or it’s designee and, under certain  
circumstances, the Worcester Polytechnic Institute Institutional Review Board (WPI IRB)  
will be able to inspect and have access to confidential data that identify you by name.  
Any publication or presentation of the data will not identify you.  
  
Compensation or treatment in the event of injury:    
In the unlikely event of physical injury resulting from participation in the research, you  
understand that medical treatment may be available from WPI, including first aid  
emergency care, and that your insurance carrier may be billed for the cost of such  
treatment. No compensation for medical care can be provided by WPI. You further  
understand that making such medical care available, or providing it, does not imply that  
such injury is the fault of the investigators. You do not give up any of your legal rights  
by signing this statement.  
  
For more information about this research or about the rights of research  
participants, or in case of research-related injury, contact:   
Austin Susmann, WPI P.O. Box 3390, 100 Institute Road, Worcester, MA (Tel. 781-710- 
3098, Email: asusmann@wpi.edu), Pat Benson, WPI P.O. Box 243, 100 Institute Road,  
Worcester, MA (Tel. 508-212-6528, Email: pbenson@wpi.edu), Prof. Brian Savilonis,  
Project Advisor, 100 Institute Road, Worcester, MA (Email: bjs@wpi.edu), You may  
also contact the chair of the WPI Institutional Review Board (Prof. Kent Rissmiller, Tel.  
508-831-5019, Email: kjr@wpi.edu) or WPI’s University Compliance Officer (Michael J.  
Curley, Tel. 508-831-6919).  
  
Your participation in this research is voluntary. Your refusal to participate will not  
result in any penalty to you or any loss of benefits to which you may otherwise be  
entitled. You may decide to stop participating in the research at any time without penalty  
or loss of other benefits. The project investigators retain the right to cancel or postpone  
the experimental procedures at any time they see fit. Data obtained in this experiment   3  
will become the property of the investigators and WPI. If you withdraw from the study,  
data already collected from you will remain in the study.  
  
By signing below, you acknowledge that you have been informed about and consent to  
be a participant in the study described above. Make sure that your questions are  
answered to your satisfaction before signing. You are entitled to retain a copy of this  
consent agreement.  
  
  
  
___________________________      Date:  ___________________  
Study Participant Signature  
  
   ___________________________                                  
Study Participant Name (Please print)        
   
____________________________________ Date:  ___________________  
Signature of Person who explained this study  
  
Approved by WPI IRB  
From:  01/30/2009  
To:  01/29/2010 
  
8.6 Detailed Subject Testing Procedure 
a. Pre-procedure 
i. Notifications to subject 
1. Reserve 15 minutes for testing 
2. Wear comfortable athletic attire 
3. Wear a good pair of running shoes 
4. Bring any medications in case of an emergency 
ii. Equipment list 
1. Treadmill 
2. DAQ units 
3. Laptop 
4. Apparatuses  
5. Tape/tools to fix any problems/loose wires 
b. Pre-running Procedure - 5 minutes 
i. Introduce ourselves to subject and explain our project intentions 
ii. Have subject fill out info form, sign consent form, description of 
testing procedure 
iii. Take size measurements 
iv. Installation of equipment 
1. Install foot sensors and make sure they are comfortable 
a. Have subject walk on the treadmill 
2. Install spinal rotation device and make sure it is comfortable 
a. Have subject walk on the treadmill 
c. Walking Procedure – 90 seconds 
i. Session procedure 
1. Adjust treadmill to 3mph (normal walking speed) 
2. Start recording 
3. Take note of any unusual walking/running form 
4. Make sure equipment is properly attached and not getting in 
the way of subject 
5. 0 to 30 seconds: walk normally 
6. 30 to 60 seconds: exaggerate upper torso movements 
7. 60 to 90 seconds: restrict arm movement entirely 
d. Post-procedure 
i. Safely remove all apparatuses 
ii. Have subject fill out questionnaire 
  
8.7 Complete Circuit Schematic 
  
8.8 LabView Visual Instrument 
 
 
